Abstract -Iridescence is a problem of increasing concem since the introduction of narrow band lamps and anodized luminaire surfaces. It appears as induced coloration of luminaire surfaces, much like rainbow pattems associated with thin oil or soap films on water. This paper discusses the causes of the effect and proposes an interim colorimetric method for measuring it.
INTRODUCTION
The lighting industry has greatly evolved since the introduction of the bare incandescent lamp. More than dispelling darkness, today's lighting creates form, mood, function and beauty. A wide range of products are now available for these purposes, including anodized aluminum reflectors and mphosphor fluorescent lamps.
Simulating clear mirrors, aluminum reflectors offer high reflectivity to both light and heat, providing high luminous efficacy and extended ballast and lamp life at lower operating temperature. They have been used successfully for years in fixture retrofitting and lighting energy conservation.
Tnphosphor lamps are a new generation of fluorescent lamp featuring excellent color rendition. They are characterized by spectral power distributions dominated by three narrow peaks, nominally blue, green and red. Compact versions of mphosphor lamps are popular retrofit alternatives to incandescent lamps, including those in metal downlight fixtures. It is no surprise, then, that triphosphor lamps are frequently used with anodized aluminum reflectors. Perhaps surprisingly, though, discriminating clients occasionally express dissatisfaction with the appearance of faint, often ill-defined, colored bands on aluminum luminaire surfaces. Although the problem can occur with other types of narrow band lamps, it is perhaps most noted with mphosphor lamps.
This effect has become a matter of concem within the lighting industry and is commonly referred to as spectral banding or iridescence. Currently, there is no objective method for quantifying the extent of the effect. Until such a method is developed, it will remain difficult or impossible to establish standards and guidelines for product quality in regards to iridescence. Recognizing this need, Stannard [l] proposed an interesting computer and video based method for quantifying the effect. Its utility is currently limited, however, since measurements are in terms of the unknown spectral sensitivity of a conventional video camera and not in terms of human color vision. The method would have great potential once this fundamental problem is overcome. An obvious application would be in automated production line quality control. This paper proposes an altemative method based on standard CIE [2] and ASTM [3] practices for the measurement of color in terms of the human visual system. It also provides, in modest detail, an analysis of the nature of the effect so that the problem at hand can be better managed and understood.
THE CAUSE OF IRIDESCENCE Yahrous [4] reviewed the problem as it applies to the lighting industry. He proposed that iridescence is mainly attributed to the wavelength dependence of the index of refraction of anodized coatings, typically aluminum oxide monohydrate. Using Snell's Law of Refraction (l) , he showed that mixtures of wavelengths emitted by fluorescent lamps separate as they refract at different angles, 02, within the denser optical medium of anodized coatings ( Fig. l(a) ).
Taking the index of refraction of air, pl, as unity, and selecting the index of refraction, p2, of the anodized coating in accordance with Fig. 2 of light reflected from an anodized aluminum surfaces and (b) the spectral power distribution of the illuminant. Curves (a) and (b) are scaled on a criterion of equal luminance. Scaled in this manner, the two curves would coincide if the reflector were spectrally neutral. Differences between the two curves would depict the spectral influence of the reflector. From the periodic nature of (c), it is clear that discrete wavelengths are alternately enhanced and suppressed upon reflection -a phenomenon that cannot be explained by Snell's Law alone.
The periodic pattern in Fig. 3 is consistent with interference fringes associated with waves passing through a medium with dimensions of the same order of magnitude as the wavelength. This often applies to thin anodized coatings on luminaire surfaces designed for interior service (Table I ). The phenomenon arises from interactions between reflected light from the upper surface of the coating (SAF) and light which has travelled the longer route (SABCG) through the anodized medium ( Fig 
Grade Use mg/in2 mil (nm) Iridescence 0.20 (5080) Not phase relationship between waves reflected from the front surface of the anodized coating and those refracted within it ( Fig. l(b) ). The refracted component lags the reflected one by a fixed optical M Marine 13 0.26 (6604) None distance, 6, depending upon the index of refraction, p2, the thickness, z, of the anodized coating, and the wavelengths of incident radiation 15-81. Equations (2) and (3) predict that only certain wavelengths will be maximally affected by any given phase 1%. This Preferential enhamment and suppression of wavelengths Can induce color shifts in a manner consistent with the observed phenomenon of iridescence and the spectral differences in Fig. 3 .
Industrial
Commercial Specified Under warm white fluorescent (WWF) illumination, the anodized luminaire surface represented in Fig. 3 appeared uniform and neutral in color. As with all broad band sources, WWF provides energy at many wavelengths. The greater the number of wavelengths, the greater the probability that systematic enhancement and suppression will cancel, resulting in little or no perceived color differences [6] . Triphosphor lamps, on the other hand, produce energy in considerably fewer wavelengths. Hence, changes in one or more peak wavelengths are more likely to produce changes in perceived color. In fact, under SPX41 triphosphor illumination, faint green and purple bands were evident on the same anodized surface as the one discussed above. Figure 4 shows spectroradiometric measurements of one of these bands. The predominant suppression in the green (h=542 nm) region of the visible spectrum is consistent with its purplish appearance.
Figures (3) and (4) present compelling evidence that iridescence is most likely atmbutable to interference. The two phenomena are not necessarily synonymous, however. Thin film interference causes preferential enhancement and suppression of specific wavelengths. The changes in spectral composition may or may not be perceptible, since an infinite number of different spectral distributions are possible for any given perceived color [6] . Iridescence arises only when interference evokes a change in expected color appearance. The changes may be localized within a luminaire, where different portions of it appear in different colors (arbitrarily designated here as Type A iridescence). It might also appear as pale uniform tinting of the entire anodized surface, relative to that expected from the given illuminant (Type B iridescence). From casual experience, this type of iridescence is less objectionable than Type A, and, in many cases, would only be of concem when different luminaires appear differently colored within the same viewing area. In principle, it is possible to predict the spectral distribution of light reflected from any anodized surface if the illuminant spectral power distribution, lighting geometry, and surface properties are known.
For example, (2) and (3) can be used to determine hL, and AT, the wavelengths most susceptible to thin film interference. Here, 6 is the optical path difference between the reflected (SAF) and refracted (SABCG) rays in Fig. l(a) , and is given by 
For example, if pl is unity, 0, is 45O, coating thickness, 2, is 3900 nm, and p2 is given by Fig. 2 , then one could iteratively solve (l) , (4), (2) and (3) Fig. 3 .
Of course, accuracy of prediction depends upon the accuracy of the input parameters, including z and el. In practice, they are rarely constant. Reflector surfaces may be illuminated from many directions simultaneously. The surfaces may not be perfectly specular. They may be curved, dirty, and even textured to some extent. Coatings may be irregular in thickness and density, varying with such factors as current density, bath agitation, and position of electrodes used in the anodizing process [4] . With tolerance for these considerations, the close agreement between the predicted and measured positions of interference fringes in Fig. 3 lends strong support to the hypothesis that luminaire iridescence arises primarily from thin film interference.
Understanding the nature of iridescence, one can more effectively devise methods for measuring it, controlling it, eliminating it, and even taking advantage of it. For example, constructive interference can increase the effective amplitude of combined waves [5], with direct implications on lighting efficiency and ultimately on electrical energy requirements. Equations (l), (3), and (4) could be used to determine the optimum coating thickness for maximum reflectivity in the predominant wavelengths of a given illuminant.
MEASUREMENT OF IRIDESCENCE
As mentioned above, Type A iridescence arises from local color differences within a single luminaire, while Type B arises when different luminaires within a field of view appear in different colors. In both cases, the problem is one of unwanted color differences. It is therefore reasonable to measure the phenomenon using instrumentation designed specifically for the purpose of quantifying color in terms of the human visual system. Many colorimetric and spectroradiometric instruments are commercially available for this purpose. Most of them measure in the domain of the CIE 1931 (x,y) chromaticity space# [2] , one of the most popular spaces for the specification of color in engineering applications [3] . Within this space, two samples of equal lightness and equal chromaticity would appear, to the standard CIE 1931 photopic observer [2, 6] , as identical in color. Unfortunately, this space is nonuniform, meaning that equal changes in perceived color are not necessarily borne by equal changes in x and y --a preponderant concem for quantifying color differences.
In brief, the x y coordinates represent relative weighting of three specific spectral distributions (nominally red, green, and blue) that together give the same color as the sample in question. The third coordinate, z, is implied from the other two, since x+y+z equals unity by definition 161. 2,3,9,10] . None are perfectly uniform [ll], but most are suitable for specifying, within a reasonable degree of error, the small color differences associated with iridescence. Conveniently, some are simple numeric transforms of the familiar CIE 1931 space. Appendix I describes the steps for transforming CIE 1931 (x,y) coordinates into the CIE 1976 (L*,u*,v*) approximately uniform color space [2] . It is commonly referred to as CIELUV, and is the one arbitrarily chosen for illustrating the concepts proposed here, although other chromaticity spaces could serve equally well.
The CIELUV chromaticity coordinates U' and v' are transforms of the CIE 1931 (x,y) coordinates. Because the CIELUV space is a roximately uniform, it is possible to define chromaticity, U* and v , relative to that of a reference sample (usually a nominally white light source). Distances between two points in this space denote approximate differences in color appearance. Figure 5(a) and Table I1 show the relative chromaticity of a portion of an anodized aluminum reflector illuminated by a WWF lamp. The reference sample is conveniently the bare WWF lamp. By definition, its relative chromaticity lies at the origin of Fig. 5(a) . The vector gives the magnitude, C*,,, and direction, h,,, of the chromaticity shift between the bare lamp and the reflector sample. Although the vector shows a measurable chromaticity difference between the reflector and the bare lamp, all regions of the reflector's surface gave essentially the same vector. This uniformity of chromaticity over the reflector's entire surface is consistent with the apparent lack of iridescence for the reflector under WWF illumination.
P . Table I1 show the relative chromaticity of two regions of the same reflector under SPX41 uiphosphor illumination. The regions were the perceived centers of green and purple iridescent bands. The bare SPX41 lamp served as reference sample. Quite interestingly, the green and purple regions of the reflector surface gave different relative chromaticities.
Figure 5(b) and
The above measurements suggest a correlation between the magnitude of perceived iridescence and the range of relative chromaticity in a nominally uniform color space. It is therefore reasonable to formulate the working hypothesis that the greater the effect of iridescence, the greater the range of color shifts. If the points p and q in Fig. 5 represent the extremes of this range, then iridescence could be quantified in terms of the distance between them. Distances in planar Euclidean spaces may be characterized in a number of different manners [12] . The root sum of squared differences is the most common. In the space defined by Fig. 5 , it is given as 11, =d (Au*)~ + (Av*)2
(5)
where Au* and AV* are the differences in U* and v* at the points p and q. The sample in Fig. 5 A number of practical issues should be considered before 11, is implemented as a general measure of iridescence. For example, large measuring field sizes may decrease 11,. Until this effect is explored further, only the smallest possible measuring field sizes should be used. Another consideration arises from the fact that the CIELUV space is three-dimensional. For convenience, I I, ignores the third dimension, L*, a correlate of lightness. The simplification is valid for sampled points# that do not differ greatly in luminance. This should not pose a serious problem for the measurement of most luminaire surfaces, provided that the fields of measurement do not include specular reflections.
There may well exist other metrics that are better correlated with the perceived magnitude of iridescence. These would become evident through additional colorimetric measurement and psychophysical experimentation. In addition, such work would assist in developing guidelines for implementing a practical method. Until then, 11 , is offered as an interim measure. It is believed that the concepts proposed here form a reasonable starting point. CIELUV hue
